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1 Introduction 
The use of templates in chemistry is nowadays a widespread strategy for the 
synthesis of complex molecules and supramolecular assemblies.[1-4] A plethora 
of species ranging from macrocycles and cages to interlocked molecules and 
imprinted polymers have been efficiently synthesised using this approach. In a 
reaction where several potential products can be formed, chemical templates pre-
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organize the molecular building blocks to favour the formation of products with 
specific nuclearity, geometry and overall structure. The interactions between the 
building blocks and the corresponding template are generally of a non-covalent 
nature (e.g. hydrogen bonding, electrostatic interactions, coordination bonds or pi-
pi stacking). In order for a templated process to successfully yield the targeted 
product, the structural and electrostatic properties of the template need to be 
carefully selected. From a structural point of view, both the size and geometry of 
the template have to be considered, while electrostatically the choice is restricted 
to neutral, positive or negatively charged species. While cations have been widely 
used as templates in synthetic chemistry, the role of anion templates did not start 
to be exploited until relatively recently. In spite of the initial reservations 
regarding the high solvation energies, sizes and pH dependency of anions, the past 
few years have shown the great potential these species have as templates in a wide 
range of synthetic routes.[5-10] 
 
In a templated reaction, once the building blocks have been pre-organised by the 
template, they can be linked together by irreversible covalent bonds or by 
reversible interactions (either covalent or supramolecular). Initially, most 
templated reactions aimed at forming irreversible covalent bonds between the 
building blocks being brought together by the template. However, more recently, 
a different approach to templated processes has been developed in which the 
building blocks are linked together by reversible bonds which can rapidly form 
and break. If in this reaction mixture there are several different building blocks 
that can react with each other in a reversible fashion, then a dynamic equilibrium 
between all the possible combinations of the molecular components can be 
established. This approach, known as dynamic combinatorial chemistry (DCC), 
can then lead to the formation of virtual libraries of compounds – named dynamic 
combinatorial libraries (DCL) – that are thermodynamically controlled.[11-15] As 
with any other chemical equilibrium, different external stimula (e.g. temperature, 
concentrations, addition of a template) can modify the equilibrium between the 
components of a DCL. Amongst the most efficient ways of modifying the 
composition of these virtual combinatorial libraries, is by adding a template which 
can shift the equilibrium towards the formation of one particular assembly or 
molecule over others. This process is known as amplification.  
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The concept of dynamic combinatorial chemistry was pioneered by Sanders[16, 
17] and Lehn[15, 18, 19] in the 1990s. Since then, a wide range of reports have 
appeared in which different templates have been used to amplify specific 
components of a dynamic library. In most cases, the templates used are either 
cationic or neutral species leading to the amplification of the corresponding 
receptors for these types of species. Considering that anion templates have only 
started to be used recently in synthesis, it is not surprising that there are only a 
handful of examples where DCLs are amplified by anionic species.   
 
This chapter aims to provide an update on the role of anions as templates. The 
review is divided in two main sections: a) anion-templated synthesis of assemblies 
linked together by irreversible bonds (or bond that are inert under mild 
experimental conditions); b) anion templates in systems where the bonds linking 
the components are reversible and lead to anion-controlled dynamic combinatorial 
libraries. Since some comprehensive reviews in the area have appeared over the 
past few years,[5-7] this chapter will mainly focus on papers published recently 
and will aim to show the principles of anion templation rather than being a 
comprehensive account of the literature. In addition, the scope of the chapter will 
be restricted to finite assemblies (molecular or supramolecular) and not polymeric 
(for a review on molecularly imprinted polymers using anions see Steinke’s 
chapter in this volume).   
 
2 Templating effects in chemistry 
In the 1960s, Busch carried out pioneering work on metal-directed syntheses of 
macrocycles establishing the concept of chemical template. As defined by him“a 
chemical template organizes an assembly of atoms, with respect to one or more 
geometric loci, in order to achieve a particular linking of atoms”.[20-22]  This 
provides an efficient route to prepare a specific molecular assembly when several 
others can be potentially formed. Ideally templates should be removed from the 
final product once the reaction has reached completion; however, templates often 
form an integral part of the final product and hence they cannot always be 
removed from it.  
4 
 
A templated process can be driven thermodynamically or kinetically.[23] In the 
former case, the template binds more strongly to one of the products present in an 
equilibrium (i.e. a mixture under thermodynamic control) shifting the reaction 
towards the formation of this specific product which is then obtained in higher 
yields. As will be discussed later in this review, this is particularly important in 
the generation of dynamic combinatorial libraries. On the other hand, kinetic 
templates operate under irreversible conditions by stabilising the transition state 
leading to the final product.  
 
In a templated process the interactions between the directing group and the 
building blocks can be either covalent or non-covalent. The latter can make use of 
a wide range of supramolecular interactions such as hydrogen bonding, pi-pi 
stacking, electrostatic interactions and hydrophobic effects. From these, hydrogen 
bonding interactions are particularly useful since they are relatively strong and, 
more importantly, are directional. In fact, hydrogen bonding interactions are 
employed as the main driving force in many of Nature’s templated processes. One 
of the most elegant examples of this is the replication and transcription of nucleic 
acids.  
 
3 Recent examples of anion-templated processes 
Since the first examples of anion-directed assemblies were reported in the 1990s, 
a wide range of molecular and supramolecular systems have been successfully 
prepared using anions as templates. This section has been divided by the type of 
molecular or supramolecular species formed and, as mentioned before, it will 
mainly focus on systems that have been recently reported in the literature (making 
reference to previous examples when important for the sake of clarity and 
completion).  
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3.1 Macrocycles 
Böhmer has recently shown that the presence of chloride can dictate the size of 
macrocyclic poly-urea systems. The reaction between diamine 1 and diisocyanate 
2 yield the macrocyclic species 3 and 4 in a 5:1 ratio (see Scheme 1).[24]  
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Scheme 1. Synthetic procedure for the preparation of macrocycles 3 and 4. 
 
When this reaction was repeated in the presence of two equivalents of 
tetrabutylammonium chloride, the formation of the larger macrocycle 4 was 
favoured over the trimeric species 3. In fact, the ratio reverted to 1:5 in favour of 
the larger macrocycle. Crystals of macrocycle 4 were obtained from the crude of 
the first reaction when grown in the presence of tetrabutylammonium chloride. 
The structure (Figure 1) revealed an interesting host-guest complex in which two 
chlorides are bound by the macrocycle (which explains the need of two 
equivalents of chloride to favour the formation of the hexameric compound). 
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Figure 1. X-ray crystal structure of macrocycle 4 highlighting the two chloride anions (solid 
spheres) bound to the macrocycle.  
 
Alfonos and Luis have recently reported an example of anion-templated synthesis 
of a pseudopeptidic macrocycle. The reaction between diamine 5 and dialdehyde 
6 was carried out (see Scheme 2).[25] 
1
H NMR spectroscopy showed a complex 
patter of signals together with protons associated with aldehyde and 
methoxyamine suggesting the presence of a range of different macrocyclic and 
acyclic products. Addition of different anions to the reaction mixture had little 
effect to the distribution of products shown by 
1
H NMR spectroscopy. However, 
when the reaction was repeated in the presence terephthalate, the almost 
quantitative formation of a single product as revealed by 
1
H NMR spectroscopy 
was observed. This intermediate product has been postulated to be host-guest 
complex 7⋅Terephthalate). This imine-containing macrocycle was then reduced to 
the corresponding amine to yield the macrocycle 8 which was isolated and fully 
charactersied. In the first step of this reaction, terephthalate is expected to form 
hydrogen bonding interactions between its anionic carboxylates and the amides of 
the macrocycle. In addition, pi-pi interactions between the aromatic ring of the 
terephthalate and that one of the di-aldehyde are likely to also play a role in the 
templating process.   
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Scheme 2. Terephthalate-templated synthesis of macrocycle 8. 
 
It is worth noting that this process could in principle lead to dynamic 
combinatorial libraries of products since the type of bond that brings together the 
different components in the reaction is a reversible one (namely imine formation). 
In fact, the initial mixture of products observed by the authors has been postulated 
to be a mixture of different-sized macrocycles and linear species (from which one 
of them is amplified upon addition of terephthalate). More detailed studies would 
be needed to determine whether this system indeed leads to the formation of a 
DCL of receptors (see section 4 for examples of anion-directed DCLs). 
 
A widely used approach to the synthesis of large macrocycles and cages (see 
section 3.2) is by self-assembly of metal centres and polydentate ligands. Careful 
choice of the geometry around the metal and the number and relative position of 
the coordinating groups on the bridging ligands can generate large assemblies 2D 
or 3D from a one-pot reaction. Often, the addition of a template to the reaction 
mixture provides a more efficient path for the formation of one specific assembly. 
Some recent examples of anion-templated metallo-macrocycles and -cages are 
discussed in this and the following sections. 
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Lippert has shown that the assembly between platinum(II) centres and purine 
bases can be controlled by specific anions. In analogy to the hydrogen-bonded 
tetrads that guanine bases can form, this group synthesised a metallo-square in 
which the purine bases are interconnected by coordination to platinum(II) centres 
rather than hydrogen bonding interactions (see Figure 2).[26]  
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Figure 2. Schematic representation of: (a) guanine quartet with a cationic guest and (b) metallo-
square 9 based on platinum(II) and methylpurine with an anionic guest.  
 
Square 9 formed over a period of 5 days by self-assembly process of four units of 
[(NH3)2Pt(Pur)(H2O)]
2+
 (where Pur = 9-methylpurine). Interestingly, in this 
process the formation of a second species with a triangular geometry was 
observed (see Scheme 3). NMR experiments showed that the triangular metallo-
macrocycle 10 is favoured (in a 0.6:1 ratio) to square 9. However, if the self-
assembly process is carried out in the presence of SO4
2-
, the proportion of the two 
species changes and the square is favoured over the triangle in a 2.5:1 ratio. This 
change in the preference for the square over the triangle has been attributed to the 
templating properties of the sulfate anion. 
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Scheme 3. Reaction scheme for the formation of metallo-triangle 10.  
 
Maekawa and Kitagawa have recently reported an interesting anion-directed 
approach to the synthesis of bowl-shaped metallo-macrocycles.[27] Initially, they 
observed that the reaction between [Cu(MeCN)4](PF6) and 4-(2-
pyridyl)pyrimidine (pprd) under an atmosphere of C2H4 and in acetone yielded the 
coordination polymer {[Cu(pprd)(C2H4)](PF6)}n (see Scheme 4). However, when 
the same reaction was carried out in methanol the macrocyclic species 
[Cu4(pprd)4(C2H4)4](PF6)4 (11) was formed instead. The crystal structure of this 
metallo-assembly revealed a bowl-shaped structure with the PF6
–
 anion positioned 
at its centre (see Figure 3).  
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Scheme 4. Formation of a coordination polymer from the reaction between [Cu(MeCN)4](PF6) and 
4-(2-pyridyl)pyrimidine (pprd) 
 
(a) 
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Figure 3. X-ray crystal structures of (a) the tetra-copper assembly [Cu4(pprd)4(C2H4)4](PF6)4 (11) 
and (b) the tri-copper assembly {[Cu3(pprd)3(C2H4)3](ClO4)3}3 (12) 
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Interestingly, the reaction between [Cu(C2H4)n]ClO4 and pprd in Me2CO under a 
C2H4 atmosphere yielded the trinuclear metallo-macrocycle 
{[Cu3(pprd)3(C2H4)3](ClO4)3}3 (12) . Although the reactions to obtain the two 
differently-sized macrocycles are not identical, it is plausible to suggest that the 
volume of the anions dictates the size of the macrocycle. With PF6, the 
tetranuclear metallo-macrocycle forms while the smaller tetrahedral ClO4 anion 
directs the formation of the tri-copper macrocycle.  
 
3.2 Cages and capsules 
In the late 1990’s we reported one of the first examples of anion-templated 
metallo-cage.[28-30] The system was based on the chloride-directed assembly of 
eight units of amidinothiourea (H-atu, see Scheme 5) and six nickel(II) centres to 
yield [Ni6(atu)8⊂Cl]Cl3 (13). The resulting assembly showed to contain a 
completely encapsulated chloride interacting via hydrogen bonding and weak 
metal-anion interactions with the cage.  
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Scheme 5. Reaction scheme for the synthesis of hexanickel cage 13. 
 
The approach described above was expanded afterwards to incorporate a second 
type of metal within the framework yielding the mixed Ni-Pd and Ni-Pt 
complexes [Ni4M2(atu)8⊂Cl]Cl3 (M = Pd, 15; Pt, 16) (see Figure 4). This was 
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carried out by first preparing [Ni(atu)2] (14) and then reacting it with the 
corresponding palladium(II) or platinum(II) salt. As in the case of the hexa-nickel 
cage, it was found that the mixed-metal cage would only form in the presence of 
the appropriate halide, namely chloride or bromide. 
 
 
Figure 4. X-ray crystal structure of mixed-metal cage [Ni4Pt2(atu)8⊂Cl]Cl3 showing the 
encapsulated chloride anion. 
 
The assembly of the nickel(II)/H-atu cage 13, is accompanied by a dramatic 
colour change, from orange to green. Considering that in methanol only chloride 
acts as a template for the formation of cage 13, we have recently employed this 
anion-templated process to develop a colorimetric chemical sensor for 
chlorides.[31]  
  
Bidentate pyrazolyl-based ligands have shown to be versatile building blocks for 
the synthesis of a plethora of coordination assemblies. Initial work by McCleverty 
and Ward in the late 1990’s showed that the synthesis of cages [Co4(L
n
)6⊂X](X)7 
(where L
1
 and L
2
 = bidentate pyrazolyl-pyridine ligands; X = BF4
−
, ClO4
−
; see 
Figures 5 and 6) was dependant on the presence of specific anions.[32] Detailed 
investigations (by NMR spectroscopy) of the assembly process in solution 
demonstrated that the tetrahedral BF4
−
 and ClO4
−
 anions indeed act as templating 
agents for the formation of these metallo-assemblies.[33] 
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Figure 5. A selection of bidentate pyrazolyl-based ligands employed for the synthesis of metallo 
assemblies. 
 
 
Figure 6. X-ray crystal structure of [Co4(L
1
)6⊂(ClO4)](ClO4)7 highlighting the encapsulated 
tetrahedral anion (in space-fill representation). 
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More recently, Ward has explored the effect that the length of bidentate pyrazolyl-
based ligands has on the formation of the metallo-cages.[34] When L
3
 was used as 
ligand, the expected [Co4(L
3
)6⊂X](X)7 (X = BF4
−
, ClO4
−
, PF6
−
, I
−
) cages were 
formed but in this case the anion did not seem to play a determinant role in 
defining the geometry of the final assembly. As indicated by the authors, the 
resulting cage is sufficiently large to leave gaps in the centre of the faces through 
which the encapsulated anion can easily exchange with the external anions. 
 
Amouri has reported the anion-directed synthesis of a series of coordinatively 
unsaturated metallo-cages with general formula [Co2(L
4
)4(RCN)2⊂(BF4)](BF4)3 
(R = Me, Et, Ph).[35] The X-ray crystal structures of some of these assemblies 
(see Figure 7 for an example) have revealed the presence of an encapsulated BF4
−
 
anion which interacts with the coordinatively unsaturated cobalt(II) centres.  
Interestingly when analogous reactions were performed in the presence of other 
anions (such as Cl and NO3) different metal-organic assemblies were formed.[36]  
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Figure 7. X-ray crystal structure of [Co2(L
4
)4(MeCN)2⊂(BF4)](BF4)3 showing the encapsulated 
anion and its interactions with the metal centres. 
 
3.3 Interlocked species  
Molecular interlocked systems such as catenanes and rotaxanes can also be 
prepared using anion-directed approaches. Although anionic templates did not 
make their way into this area until relatively recently, nowadays there are several 
examples that demonstrate the utility of this approach for the synthesis of this 
topologically interesting species.  
 
The first examples of interlocked species synthesized by anion templated 
approaches were the pseudorotaxanes and rotaxanes reported in the late 1990’s by 
Stoddart and Vögtle. Stoddart reported that by mixing four equivalents of 
[NH2(CH2Ph)2][PF6] with one equivalent of the macrocycle tetrakis-p-
phenylene[68]crown-20, the quadruply-stranded pseudorotaxane (17) formed  (see 
Figure 8).[37] This assembly was structurally characterized revealing the presence 
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of a PF6
−
 anion at its center forming multiple C-H⋅⋅⋅F hydrogen bonds with the 
hydroquinone methine and the benzylic methylene hydrogen atoms.  
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Figure 8.  Schematic representation of quadruply-stranded pseudorotaxane 17. 
 
Using a different approach, Vögtle successfully showed that organic anions can 
induce the formation of rotaxanes.[38-41] In this approach a strong host-guest 
complex between a tetralactam macrocycle and a phenolate anion is first formed 
(see Scheme 6). In this assembly the phenolate anion is positioned at the center of 
the ring to further react with a second component (e.g. an alkyl bromide or acyl 
chloride) yielding a rotaxane. The negatively charged phenolic functionality can 
be located either at the stopper component or at the axle precursor providing a 
range of different possibilities for the synthesis of the interlocked species. 
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Scheme 6. Schematic representation of the anion templated synthesis of rotaxanes based on 
tetralactam macrocycles and a phenolate anions. 
 
 
More recently, Beer has developed a series of synthetic procedures for the halide-
templated syntheses of pseudorotaxanes, rotaxanes and catenanes. This 
methodology is based on combining the recognition of halides by a hydrogen-
bonding host (e.g. a macrocycle) with ion-pairing between the corresponding 
halide and a cationic species (see Figure 9). These two interactions allow for the 
interpenetration of the two molecular components to yield the interlocked 
molecules. Some examples of the macrocycles and axels employed to generate the 
corresponding pseudorotaxanes are shown in Figure 10.[38-41] 
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Figure 9. Schematic representation of the anion-templated synthesis of interlocked species based 
on combining halides recognition by a hydrogen-bonding host with ion-pairing. 
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Figure 10. Selection of macrocycles and axles employed to synthesise pseudorotaxanes and 
rotaxanes.  
 
A similar approach was later employed to prepare rotaxanes by “clipping” (via 
ruthenium-catalysed olefin metathesis) the acyclic hydrogen bonding species 18 
with the corresponding axel 19 in the presence of chloride (see Scheme 7).[42] 
The resulting rotaxane (20) has been structurally characterised showing the strong 
binding between the interlocked species and the templating chloride (see Figure 
11). 
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Scheme 7. Reaction scheme for the chloride-templated synthesis of rotaxane 20. 
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Figure 11. X-ray crystal structure of rotaxane 20 showing the chloride anion bound to the 
interlocked species. 
 
Using the same general strategy described above, Beer reported the first anion-
templated synthesis of catenanes.[43, 44] Mixing macrocycle 21 with the acyclic 
hydrogen-bonding molecule 22 in the presence of chloride as a template, 
[2]catenane 23 was formed (see Scheme 8). As for rotaxane 20, the crystal 
structure of this interlocked species revealed the strong interaction between the 
templating chloride and the two macrocyclic components of the catenane (Figure 
12).  
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Scheme 8. Reaction scheme for the chloride-templated synthesis of catenane 23. 
 
 
 
Figure 12. X-ray crystal structure of catenane 23 showing the chloride anion bound to the 
interlocked species. 
 
For a comprehensive review of this area, see the recent reviews published by 
Beer.[7, 9, 10]  
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4 Anions as templates in dynamic combinatorial 
chemistry 
One of the seminal papers in defining the concept of dynamic combinatorial 
chemistry was published by Lehn in the 1990’s.[45] In this work it was shown 
that the assembly of iron(II) salts and a tris-bipy ligand (L
5
) is a dynamic process 
that can yield a range of different metal helicates. Which assembly is formed, is 
highly dependent on the nature of the counter-anions present in solution. With 
FeCl2, the pentanuclear circular helicate [Fe5(L
5
)5Cl]
9+
 (24) was formed in high 
yields (see Scheme 9), while a mixture of the penta- and hexa-nuclear helicates 
were obtained in the presence of bromide (and only the hexa-nuclear helicate 
[Fe6(L
5
)6(SO4)]
10+
 (25)
 
was formed with sulfate). Further studies by the same 
authors demonstrated that in the reaction with FeCl2 (and also in the analogous 
one with NiCl2) a linear helicate is formed first (i.e. the kinetic product) which 
progressively converts into the thermodynamic circular helicate product 
[Fe5(L
5
)5Cl]
9+
.[46] Structural characterization of 25 confirmed the assembly to be 
a circular double helix with a chloride ion located in the central cavity. 
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Scheme 9. Chloride-templated synthesis of circular helicate 24. 
 
Although this anion-directed system was one of the first examples of DCCs 
reported in the literature, there are in fact very few known systems to date where 
negatively charged species are used to amplify the formation of a specific 
assembly from a dynamic combinatorial library. Such examples will be reviewed 
in sections 4.1 and 4.2. 
 
4.1 Using metal-ligand coordination bonds 
Dunbar has elegantly demonstrated the use of anionic templates for the syntheses 
of a range of nickel(II) and zinc(II) metalla-cyclophanes using 3,6-bis(2-pyridyl)-
1,2,4,5-tetrazine (bptz) as bridging ligand.[47, 48] Anions such as BF4
−
 and ClO4
 −
 
induce the formation of the tetra-metallic square assemblies 
24 
[{M4(bptz)4(CH3CN)8}X](X)7, (M = Zn
II
, Ni
II
; X = BF4
−
, ClO4
 −
), while the larger 
octahedral anion SbF6
 −
 templates the formation of the molecular pentagon 
[{Ni5(bptz)5(CH3CN)10}SbF6](SbF6)9. The X-ray crystal structures of these 
species (see Figures 13 and 14) have shown that in both the squares and pentagon 
one anion is encapsulated at the centre of the corresponding metalla-cyclophane 
(displaying anion-pi interactions between the O and F atoms of the anions and the 
tetrazine rings of bptz). 
 
 
Figure 13. X-ray crystal structure of metallo-square [{Ni4(bptz)4(CH3CN)8}BF4](BF4)7. 
 
 
25 
 
Figure 14. X-ray crystal structure of metallo-square [{Ni5(bptz)5(CH3CN)10}SbF6](SbF6)9. 
 
 
Further studies by the same authors showed that the molecular pentagon can be 
easily converted into the corresponding molecular square in the presence of excess 
BF4
−
 and ClO4
−
. The conversion of the molecular pentagon to the square is also 
observed upon addition of iodide (which due to its large size and polarizability it 
can adopt the directionality of a tetrahedral anion).  
In contrast to the above, the conversion of the nickel square to the corresponding 
pentagon upon addition of excess SbF6
−
 is not readily observed (only partial 
conversion takes place). This apparent higher stability of the molecular square in 
comparison to the molecular pentagon has been attributed to more strain in the 
pentagon. This is supported by the X-ray crystal structure of the metallo-pentagon 
in which the btpz ligands are considerably bent. 
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Scheme 10. Reaction scheme showing the anion-directed synthesis of metallo-macrocycles and 
their interconversion. 
 
 
More recently, Fujita has reported an interesting example of anion-controlled 
dynamic equilibrium of palladium-containing assemblies.[49] The reaction of 
ligands L
6
 and L
7
 with palladium(II) was investigated under different 
experimental conditions, namely in different solvents, at different concentrations 
of the ligand and in the presence of different counteranions.  
 
N N
L6  
 
27 
N N
L7  
 
In this study it was shown that the nature of the resulting metallo-assemblies was 
highly dependant on the conditions employed. For example, the reaction between 
L
6
 and [Pd(en)(NO3)2] in DMSO was found to yield two macrocycles (26 and 27) 
in roughly 60:40 proportions when the concentration of the ligand was 5 mM. By 
reducing the concentration of the ligand to 1 mM, the equilibrium was shifted to 
the simpler [2+2] assembly 26 which was present in nearly 90%.  
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Increasing the concentration of ligand to 20 mM or above, yielded yet another 
product, metallo-assembly 28 which at 500 mM concentration of ligand was 
practically the only product observed by 
1
H NMR spectroscopy. 
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In the same paper, the reactions between these two ligands and “naked” 
palladium(II) cations were also discussed. Interestingly, the structure and 
nuclearity of the resulting assemblies was shown to depend on the counteranion of 
the palladium salt used. Thus, the reaction between Pd(NO3)2 and ligand L
6
 
yielded mainly the tetrahedral assembly 29 (see Figure 15). An analogous 
assembly was obtained in the presence of BF4
–
. However, when the reaction was 
carried out in the presence of triflate a double-walled triangle (30) was obtained as 
the major product (Scheme 11).  
 
 
Figure 15. X-ray crystal structure of metallo-tetrahedron 29. 
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Scheme 11. Schematic representation of double-walled metallo-triangle. 
 
When carrying out a similar reaction with ligand L
7
 (which is longer than L
6
) the 
structures of the resulting metallo-assemblies were again found to be anion-
dependant. In this case, dynamic equilibrium between the two assemblies 31 and 
32 was observed. With nitrate as the counter-anion, a roughly 1:1 mixture of the 
two assemblies was observed; however, with triflate the main product formed was 
the double-walled triangle. In contrast in the presence of the aromatic p-tosylate 
anion, the formation of the M4L8 assembly was favored.  
 
 
(X)6 (X)8
X = CF3SO3
NO3
p-CH3-C6H4-SO3  
 
Scheme 12. Schematic representation of the equilibrium between the double-walled metallo-
triangle 31 and metallo-tetrahedron 32. 
 
31 
A similar approach to that reported by Fujita for the generation of dynamic 
combinatorial libraries of metallo-assemblies has been developed in our own 
group.[50]  In contrast to most of the bipyridyl-based ligands employed for the 
synthesis of metallo-macrocycles reported so far, we were interested in using 
bipyridyl ligands containing spacers with hydrogen bonding functionalities such 
as ligands L
8
 and L
9
. It was rationalized that having hydrogen bonding donor 
groups would aid in the interaction with potential anionic guests/templates. 
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The reactions between each of these two ligands and [Pd(dppp)(OTf)2] (dppp = 
1,3-bis(diphenylphosphino)propane) were studied aiming at producing cyclic 
metallo-assemblies (see Scheme 13). The combination of these ligands and the 
metal complex (in 1:1 ratios) could in principle give a range of different cyclic 
and acyclic materials. Since palladium-pyridine bonds are relatively labile, it was 
expected that a dynamic equilibrium of different assemblies would be established. 
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Scheme 13. Reaction scheme for the synthesis of metallo-macrocycles 33 and 34. 
 
 
Crystals were grown from the corresponding reaction mixtures. The X-ray crystal 
structures obtained revealed that the crystallised products correspond to [2+2] 
assemblies with general formula [Pd(dppp)(L)]2(OTf)4 (L = L
8
, 33; L = L
9
, 34) 
and a “bowl-type” structure (see Figure 16).  
 
 
 
33 
Figure 16. X-ray crystal structure of assembly 34 showing the triflate anion at the centre of the 
bowl-type assembly. 
 
 
Although the solid-state structures obtained for these systems indicate the 
formation of the [2+2] assembly, 
1
H NMR studies showed that more than one 
species co-existed in solution. As indicated above, in principle a 1:1 mixture of 
the bis-pyridyl ligands and cis-[Pd(dppp)]
2+
 centres could yield macrocycles of 
different sizes or a range of different acyclic products. Several 
1
H NMR 
spectroscopic and ESI-mass spectrometric studies were carried out (using 
[Pd(dppp)(OTf)2] and L
8
) to establish the behaviour of the system in solution. 
These studies suggested that there is an equilibrium between two species which 
have been assigned to the [2+2] and a [3+3] metallo-assemblies (see Scheme 14).  
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Scheme 14. Reaction scheme showing the equilibrium between the [2+2] and [3+3] metallo-
macrocycles.  
 
 
Interestingly, this equilibrium can be shifted by modifying the experimental 
conditions such as the solvent, concentration of ligand and temperature. 
Furthermore, the equilibrium between the different metallo-assemblies present in 
solution can also be shifted by the presence of different anions.  For example, 
addition of several equivalents of H2PO4
–
 to a DMSO solution containing a 
mixture of [2+2] and [3+3] assemblies, shifted the equilibrium to the formation of 
only the [2+2] assembly. Surprisingly, addition of HSO4
–
 to the 1:1 mixture in 
DMSO of [Pd(dppp)(OTf)2] and L
8
 did not modify the equilibrium between the 
[2+2] and [3+3]  
34 
 
Williams has reported another type of system in which a dynamic combinatorial 
library of metal complexes is generated by metal-ligand interactions and 
controlled by anionic templates.[51] In this work it was shown that chloride can 
modifying the distribution of products in an equilibrated solution containing 
cobalt(II) salts and 2,2´-bipyridyl ligands (bipy or the chiral ligand L
10
 – see 
Scheme 15). More specifically, mixing Co(NO3)2 with bipy and L
10
 generated a 
library of complexes with general formula [Co(bipy)X(L
10
)3-X]
2+
. This was shown 
by electrospray mass spectrometry which revealed that all the possible 
combinations of products were indeed present in solution: [Co(L
10
)3]
2+
 (80%), 
[Co(bipy)(L
10
)2]
2+
 (100%), [Co(bipy)2(L
10
)]
2+
 (91%) and [Co(bipy)3]
2+
 (11%). 
Furthermore, 
1
H NMR spectroscopy indicated that for each of the complexes – 
except for [Co(bipy)3]
2+
 which gave an enantiomeric pair – the corresponding ∆- 
and Λ-diastereomers were present. 
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[Co(bipy)X(L
10)3-X]
2+
L10
X = 0, 1, 2 or 3
 
Scheme 15. Reaction scheme showing the different possible complexes that can be formed by 
mixing Co(NO3)2 with L
10
 and bipy.  
 
The equilibrium of the above mixture was shown to change upon addition of 
CF3COOH. Addition of the acid led to protonation of the amines groups on L
8
 
inducing diasteroselectivity and, as a consequence, some of the complexes 
initially present in the mixture disappeared. Interestingly, when DCl rather than 
CF3COOH was added to the reaction mixture, only the two homoleptic complexes 
{Cl2⊂∆-[Co(L
10
H2)3]
6+
} and [Co (bipy)3]
2+
 could be detected suggesting that 
chloride acts as a template amplifying the formation of these species. These 
observations have been rationalised on the grounds that coulombic repulsion 
between the protonated amines is minimized by the presence of chloride.  
 
35 
A similar approach to the one discussed above has been recently reported by 
Rice.[52, 53] In these investigations it was shown that nitrate can modify the 
distribution of products in a mixture of cobalt(II) and two different N,N’ chelating 
ligands. First, the reaction between Co(ClO4)2 and ligand L
11
 was studied showing 
that a triple helicate with formula [Co2(L
11
)3](ClO4)4 formed (see Scheme 16). 
The ligands around the cobalt(II) centres generate “pockets” of the right size to 
bind perchlorate anions via hydrogen bonding (see Figure 17).  
 
 
Co(ClO4)2
[Co2(L
n)3](ClO4)4
S
N
N
S
N
N
R
R
R = (S)-CONHCH(CH(CH3)2)CO2Me, L
11
R = H, L12  
 
Scheme 16. Reaction scheme showing the different possible complexes that can be formed by 
mixing Co(ClO4)2 with L
11
 and L
12
.  
 
 
 
Figure 17. X-ray crystal structure of the triple helicate [Co2(L
11
)3](ClO4)4 showing the perchlorate 
anions bound to the “pockets” formed by the three ligands. 
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The authors then studied the possibility of anion exchange in this complex. Thus, 
upon addition of two equivalents of [Bu4N][NO3] to [Co2(L
11
)3](ClO4)4 a new 
host-guest complex with formula [Co2(L
11
)3](ClO4)2(NO3)2  was obtained. The X-
ray crystal structure of this mixed-anion helicate showed that the perchlorates 
initially bound to the biding pockets of the helicate, had been replaced by nitrates.  
 
Having established the basic host-guest chemistry between the helicate and the 
two anions, the authors then investigated the reaction between [Co(ClO4)2]·6H2O, 
L
11 
and L
12
 (see Scheme 16 for the chemical structure of the ligands) in a 2 to 1.5 
to 1.5 ratio. This reaction resulted in the formation of four complexes: 
[Co2(L
11
)3]
4+
, [Co2(L
11
)2(L
12
)]
4+
, [Co2(L
11
)( L
12
)2]
4+
 and [Co2(L
12
)3]
4+
, with a 
1:3:3:1 statistical distribution. This was confirmed by both 
1
H NMR spectroscopy 
and ES mass spectrometry. Interestingly, upon addition of KNO3 to this mixture a 
dramatic change in product distribution was observed. The two homoleptic 
complexes [Co2(L
11
)3]
4+
 and [Co2(L
12
)3]
4+
 were found to be the main components 
of the mixture (with only 5% of the heteroleptic compounds being present). This 
behaviour has been attributed to the strong binding of nitrate (which acts as a 
template) to the anion-binding pockets present in [Co2(L
11
)3]
4+
. 
 
4.2 Using reversible covalent bonds 
A large number of dynamic combinatorial libraries reported in the literature make 
use of reversible covalent chemistry to generate the required dynamic 
equilibria.[12] In spite of this, there are very few examples of anion-directed 
DCLs where this type of reversible bond-formation is used to generate the virtual 
library of receptors. One of these examples has been reported by Otto and Kubic 
who developed a DCL of anion receptors.[54] The library is based on disulfide 
exchange reactions between a dimeric cyclic peptide (35) – where the two 
peptidic cycles are linked by a disulfide group – and a range of different thiol-
substituted spacers a-f (see Scheme 17). Mixing of all these components yields a 
range of dimeric cyclic peptides in different proportions.  
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Scheme 17. Components of a DCL of dimeric cyclic peptides linked by disulfide bonds.  
 
 
Interestingly, addition of K2SO4 or KI to the DCL amplified the formation of three 
receptors (35a, 35b and 35c), while addition of other anions such as chloride or 
fluoride did not shift the equilibrium. Two of these receptors (35b and 35c) were 
amplified more than 35a; these were then chosen for further studies and therefore 
prepared and isolated using a second generation biased library.  Isothermal 
titration calorimetry studies revealed the binding constants between the selected 
dimeric-receptors and sulfate or iodide to be around 10
6 
(in a mixture of 
MeCN/H2O). This example nicely demonstrates how dynamic combinatorial 
chemistry can be employed to improve the selectivity and binding properties of a 
specific receptor; in this case this has been done by simply modifying the length 
and flexibility of the spacer that joins the two macrocycles.  
 
A different type of reversible covalent bond has been employed by Sessler to 
generate anion-directed DCLs. More specifically, the synthesis of new bipyrrole-
based macrocyclic receptors has been achieved by reacting diamine 36  with 
diformylbipyrrole (37) in acidic media (see Scheme 18).[55] Interestingly, 
depending on the acid used (namely HCl, HBr, CH3CO2H, CF3CO2H, H3PO4, 
H2SO4 or HNO3) different distributions of oligomeric species and macrocycles 
were obtained. While several products were formed with most acids, in the 
38 
presence of sulfuric acid the [2+2] macrocycle 38·2H2SO4 formed in nearly 
quantitative yield.  
 
 
O
NH
O
HN
NH2 H2N
N
H
N
H
OHC CHO
36
37
N
H
N
H
H
N
H
N
OHN
OHN
N
N
O NH
O NH
N
N
SO4
2-
H
H
H
H
SO4
2-
38·2H2SO4
H2SO4
 
Scheme 18. Synthesis of macrocycle 38·2H2SO4 by reacting 36 and 37 in the presence of H2SO4. 
 
 
The anion-free macrocycle 38 was isolated upon addition of triethylamine to 
38·2H2SO4. This macrocycle was structurally characterised and its anion-binding 
properties studied, revealing high association constants between the receptor and 
HSO4
–
 (1:1; Ka =  63500±3000 M
-1
) and H2PO4
–
 (2:1; Ka1 = 191000±15400 M
-1 
and Ka2 = 
 
60200±6000  M
-1
). Interestingly, when 38 was allowed to stand in 
acetonitrile for 5 days in the presence of HSO4
–
 or H2PO4
–
 (as 
tetrabutylammonium salts) a rearrangement of the poly-imine compound took 
place. More specifically, the [2+2] macrocycle 38 expanded into the [3+3] 
macrocycle 39 (see Figure 18) quantitatively in the presence of H2PO4
–
 (and in 
47% yield in the presence of HSO4
–
). More recently, the same authors have 
published a comprehensive study in which they show a similar behaviour for other 
related di-amino and di-aldehyde building blocks.[56, 57] The nature of the 
anions (from the corresponding acid) present in solution, dictates the size of the 
macrocycle formed. Under specific circumstances, some of the macrocycles 
undergo anion-induced ring-expansion.   
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Figure 18. Schematic representation of the [3+3] macrocycle 39. 
 
The results discussed above, strongly suggest the presence of a dynamic 
equilibrium between various macrocyclic species in solution. Upon addition of the 
appropriate anionic template, amplification of one of them is then observed.  
 
5 Conclusions and outlook 
The first examples of anion-templated processes were reported in the early 
1990’s. Since then, this area of supramolecular chemistry has grown steadily 
showing the important role that anionic templates can play in directing the 
synthesis of specific molecules and supramolecular assemblies. A wide range of 
organic and metal-organic macrocycles have now been prepared by anion-
templated processes. Similarly, the syntheses of molecules with complex 
topologies (such as those of pseudorotaxanes, rotaxanes and catenanes) can now 
be achieved by anion-directed assembly of simple building blocks. Another area 
where anion templates have had an important impact is in the synthesis of 
40 
coordination cages and capsules. More recently, the use of anions as templates in 
dynamic combinatorial libraries has been realized showing that structurally 
challenging anion-receptors can be developed using this dynamic approach. This 
promises to be an area of important future developments with the potential to 
generate receptors that can not be easily achieved using more “classical” synthetic 
methodologies. 
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